This study aimed to explore daptomycin combined with fosfomycin or rifampin 32 against the planktonic and adherent linezolid-resistant isolates of Enterococcus 33 faecalis. Four linezolid-resistant isolates of E. faecalis which formed biofilms were 34 collected for this study. Biofilm biomasses were detected by crystal violet staining. 35 The adherent cells in the mature biofilms were counted by CFU numbers and 36 observed by confocal laser scanning microscope (CLSM). In time-killing studies, 37 daptomycin combined with fosfomycin or rifampin (4xMIC) demonstrated 38 bactericidal activities on the planktonic cells, and daptomycin combined with 39 fosfomycin killed more planktonic cells (at least 2-log10 CFU/ml) than daptomycin or 40 fosfomycin alone. Daptomycin alone showed activities against the mature biofilms, 41 and daptomycin combined with fosfomycin (16xMIC) demonstrated significantly 42 more activity than daptomycin or fosfomycin alone against the mature biofilms in 43 three of the four isolates. Daptomycin alone effectively killed the adherent cells, and 44 daptomycin combined with fosfomycin (16xMIC) killed more adherent cells than 45 daptomycin or fosfomycin alone in these mature biofilms. The high concentrations of 46 daptomycin (512 mg/L) combined with fosfomycin indicated more activity than 47 16xMIC of daptomycin combined with fosfomycin on the adherent cells and the 48 mature biofilms. The addition of rifampin increased the activity of daptomycin against 49 the biofilms and the adherent cells of FB-14 and FB-80 isolates, but was not observed 50 in FB-1 and FB-2 isolates. In conclusion, daptomycin combined with fosfomycin 51 works effectively against the planktonic and adherent linezolid-resistant isolates of E. 52 faecalis. The role of rifampin in these linezolid-resistant isolates is discrepant and 53 needs more studies. 54 55 KEYWORDS: Enterococcus faecalis; linezolid-resistant; biofilm; daptomycin; 56 fosfomycin; rifampin; 57 58
controversial, and there are no reports about how to treat the linezolid-resistant E. faecalis biofilms up to now. Thus, this study aims to explore the daptomycin, rifampin, 90 fosfomycin alone, and daptomycin combined with rifampin or fosfomycin against the 91 linezolid-resistant E. faecalis biofilms. Science Center in China. Among these linezolid-resistant isolates, four strains 97 FB-80) which formed biofilms were used for all in vitro experiments. The strains were identified 98 with a Phoenix 100 automated microbiology system (BD, Franklin Lakes, NJ, USA) and then two 99 subcultured generations were re-identified with matrix-assisted laser desorption ionization 100 time-of-flight mass spectrometry (IVD MALDI Biotyper, Germany). E. faecalis ATCC 29212 and 101 OG1RF (ATCC47077) were used as reference strains. All procedures involving human 102 participants were performed in accordance with the ethical standards of Shenzhen University and 103 with the 1964 Helsinki declaration and its later amendments. For this type of study, formal consent 104 is not required. 105
Antimicrobial agents. Ampicillin (catalogue no. A9518), Vancomycin (catalogue no. 106 V2002), Linezolid (catalogue no. PZ0014), Daptomycin (catalogue no. SBR00014), Rifampin 107 (catalogue no.R3501), Gentamicin (catalogue no. E003632) and glucose-6-phosphate (catalogue 108 no. V900924) were purchased from SIGMA-ALDRICH (Shanghai, China). Fosfomycin 109 (catalogue no. HY-B1075) was purchased from MedChemExpress (Shanghai, China). The media 110 were supplemented with 25 mg/liter glucose-6-phosphate for testing of fosfomycin and with 50 111 Time-killing assay. The activities of daptomycin, rifampin, fosfomycin alone, and 120 daptomycin combined with rifampin or fosfomycin (4xMIC) were determined by time-kill studies 121 conducted with cells in the logarithmic growth phase based on the reference method (12). Briefly, 122
the tests were performed in 14ml Polypropylene Round-Bottom Tube (FALCON 352059) in a 123 final volume of 5 ml CAMHB and were further incubated at 37°C with shaking. At the time points 124 of 6, 12, and 24 h, 1-ml aliquots were sampled and washed with 0.9% saline solution. Ten-fold 125 dilutions were then plated on Muller-Hinton agar, and the numbers of CFU were determined. 126
Medium without antimicrobial agents was used as the growth control. Bactericidal activity was 127 defined as a ≥99.9% (i.e., ≥3-log10 CFU/ml) reduction of the initial bacterial count after 24 h, and 128 the initial inoculum was 1.0~3.0x10 7 CFU/ml. All experiments were performed in triplicate. 129
Biofilm biomass assay. Biofilm biomasses of E. faecalis isolates were detected according to 130 the reference method with minor modifications (8). Briefly, the E. faecalis isolates were cultivated 131 overnight in Tryptic Soy Broth (TSB) at 37°C. Overnight cultures were diluted 1:200 in 200 μl of 132 TSBG (TSB with 0.25% glucose) (1.0 -3.0 × 10 7 CFU/ml) and inoculated into 96 polystyrene 133 microtiter plates (Costar3599, Corning). After 24 h of static incubation at 37°C (mature biofilm), 134 the supernatant was discarded and plates were washed thrice with 0.9% saline to remove 135 unattached cells, then the fresh TSBG containing antimicrobial agents was added to each well 136 (200 μl/well), and the TSBG without antimicrobials was used as the growth control. After 72h of 137 static incubation at 37°C (the medium replaced daily), the supernatant was discarded and plates 138 were washed thrice with deionized water to remove unattached cells, stained with 1% crystal 139 violet (CV) for 20 min at room temperature and rinsed with distilled water. Last, the CV was 140 solubilized in ethanol-acetone (80:20, vol/vol), and optical density at 570 nm (OD570) was 141 determined. The OG1RF (ATCC47077) strain was used as biofilm positive control. Each assay 142 was performed in triplicate at least three times. 143
Bacteria counting in biofilm assay. Bacteria in E. faecalis biofilms were determined 144 according to the reference method (14). The E. faecalis isolates overnight cultures were 1:200 145 diluted with TSBG and inoculated into 24 polystyrene microtiter plates (1ml/well; Costar3524, agents was added to each well (1ml/well), and the TSBG without antimicrobials was used as the growth control. After 72h of static incubation at 37°C (the medium replaced daily), the 150 supernatant was discarded and plates were washed thrice with 0.9% saline, then the bacteria in the 151 biofilms were collected by scratching the wall of the wells with a flat end toothpick and suspended 152 in 0.9% saline. The bacteria suspension was washed twice with 0.9% saline, ten-fold diluted and 153 then plated on Tryptic Soy agar, and the numbers of CFU were determined. All experiments were 154 performed in triplicate. 155
Detection of cell viability in mature biofilms by confocal laser scanning microscope 156
(CLSM). The effect of antimicrobial agents on cell viability in mature biofilms was determined 157 using the Live/Dead Bacterial Viability method (Live/Dead BacLight, Molecular Probes, USA). 158
The E. faecalis isolates overnight cultures were 1:200 diluted with TSBG and inoculated into 159 cell-culture dishes (2ml/well; WPI, USA). After 24 h of static incubation at 37°C (mature biofilm), 160 the supernatant was discarded and plates were washed thrice with 0.9% saline, then the fresh 161 TSBG containing antimicrobial agents was added to each well (2ml/well), and the TSBG without 162 antimicrobials was used as the growth control. After 72h of static incubation at 37°C (the medium 163 replaced daily), the supernatant was discarded and plates were washed thrice with 0.9% saline. 164
Then the mature biofilms were stained with SYTO 9 and propidium iodide (PI) at room and FB-2 isolates ( Fig. 1A and B ). Daptomycin alone, or combined with rifampin or 188 fosfomycin indicated bactericidal activities, and daptomycin combined with 189 fosfomycin showed best bactericidal effect on FB-14 and FB-80 isolates. Among all 190 the four isolates, daptomycin combined with fosfomycin killed more planktonic E. 191 faecalis cells (at least 2-log10 CFU/ml) than daptomycin or fosfomycin alone at the 192 24h of the time-kill study. It was noteworthy that rifampin or fosfomycin alone 193 inhibited the growth of planktonic E. faecalis cells before 6h, but the number of 194 bacteria increased after 6h or 12h of incubation in these four isolates ( Fig. 1) . fosfomycin (all with 16xMIC) had no effect on the mature biofilm of FB-1 ( Fig. 2A) . 207 Subsequently, we increased the concentrations of daptomycin from 16xMIC to 512 with fosfomycin also indicated good effect on the mature biofilm of FB-1 (Fig. 3A) . 210 Additionally, the high concentrations of daptomycin (512 mg/L) combined with 211 fosfomycin showed more activity than 16xMIC of daptomycin combined with 212 fosfomycin against the mature biofilms of these four linezolid-resistant isolates (Fig.   213 3).
214
Antimicrobial agents killed the adherent cells in the mature biofilms of E. 215 faecalis. How daptomycin, rifampin, and fosfomycin killed the adherent cells in the 216 mature biofilms of E. faecalis were determined by the CFU numbers. First, the effects 217 of these three agents (all with 16xMIC) on the adherent cells in the mature biofilms 218 were detected and we found that daptomycin alone effectively killed the adherent 219 cells in these mature biofilms of the four linezolid-resistant isolates (Fig. 4) . 220 Interestingly, we also found that daptomycin combined with fosfomycin killed more 221 adherent cells than daptomycin or fosfomycin alone in these mature biofilms. The influenced the propidium iodide, which stained the dead cells with red fluorescence).
233
As the Fig. 6-9 indicated, daptomycin alone had effect on the adherent cells in these 234 mature biofilms of the four linezolid-resistant isolates. Similar to the above results, 235 daptomycin combined with fosfomycin showed stronger effect than daptomycin or 236 fosfomycin alone, and the high concentrations of daptomycin (512 mg/L) combined 237 with fosfomycin also indicated significantly stronger effect than 16xMIC of daptomycin combined with fosfomycin on the adherent cells in the mature biofilms. The high-dose daptomycin (10 mg/kg/day) plus fosfomycin has been proven to be 259 safe and effective in treating S. aureus endocarditis (19). Another study also found 260 that the high-dose daptomycin (≥8 mg/kg/day) was effective and safe for the 261 treatment of infective endocarditis, which is mostly caused by methicillin-resistant S. faecalis may also benefit from treatment with high-dose daptomycin, but this issue needs further in vivo studies.
269
Fosfomycin has indicated activity against both Gram-positive and Gram-negative 270 biofilms, such as pseudomonas aeruginosa, Escherichia coli and S. aureus (21-23).
271
There are several studies that have reported fosfomycin is effective against E. faecalis (12). Another study showed the addition of rifampin even decreased the activity of daptomycin against the biofilms of vancomycin-susceptible E. faecalis 299 (11). However, the present study found the addition of rifampin increased the activity 300 of daptomycin against the planktonic E. faecalis isolates, which are more obvious in 301 FB-2 and FB-14 strains. This study also found that rifampin increased the activity of 302 daptomycin on the adherent cells and mature biofilms among FB-14 and FB-80 303 isolates, but was not observed in FB-1 and FB-2 strains. Based on the previous and 304 present studies, rifampin indicated disparate effects on the different E. faecalis 305 isolates, and was not related to the antimicrobial susceptibility, such as vancomycin or 306 linezolid.
307
In conclusion, this study indicated that daptomycin combined with fosfomycin 308 works effectively against the planktonic and adherent linezolid-resistant isolates of E. 309 faecalis. The high concentrations of daptomycin combined with fosfomycin achieved 310 significantly stronger effect on these isolates. However, the role of rifampin in these 311 linezolid-resistant isolates of E. faecalis is inconsistent and needs more studies to 312 resolve this issue. 580  581  582  583  584  585  586  587  588  589  590  591  592 
